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ABSTRACT 

Green buildings should save energy, be environmentally friendly and offer healthy and 

safe indoor conditions for the occupants. To reduce energy consumption and improve 

indoor air quality in buildings require innovative ways. The study aimed to establish green 

buildings’ impact on energy efficiency and indoor health environment. Four buildings, 

two green (GB1 and GB2), and two non-green (NGB1 and NGB2) at Strathmore 

University and CUEA were used. Energy efficiency was investigated using power bills 

from Kenya Power for the year 2018 whereas buildings air change rates were determined 

using metabolic CO2 as a tracer gas and using the tracer gas method to calculate the air 

change rate. CO2 concentrations were monitored over a period of 4 months using HT-

2000 CO2 meters. Checklists by GreenMark Standard were used to assess the green 

buildings’ energy and indoor health environment sustainability. The results show 

statistical significant difference in energy consumption between green and non-green 

buildings (p-value= 1.18×10-12) as the green buildings consume 40% less energy. Green 

buildings had between 80% to 86% better air change rates than non-green buildings. An 

indication that the probability to inhale contaminated air was higher than 0.8 in non-green 

buildings. There was significance difference in air change rate between green and non-

green buildings (p-value=0.02 for buildings at Strathmore University; p-value= 0.002 for 

buildings at CUEA). Using the GreenMark checklist, GB1 scored 68% whereas GB2 

scored 85% for health indoor environment category. For Energy efficiency category, GB1 

scored 87.5% while GB2 scored 50%. Therefore, policy on green building technology 

should be developed by government and construction sector to reap the energy efficiency 

and quality indoor environment benefits



 

 

CHAPTER ONE 

INTRODUCTION 

1.1 Background of Study  

Buildings utilize energy mostly for space heating, cooling and lighting. Lighting, heating 

and cooling energy costs and amounts in a particular building depend on the design criteria 

of the buildings (Akadiri et al., 2012). Building energy efficiency refers to energy 

consumption per square meter of floor area a building compared to a benchmarked value 

in a country. Green buildings should minimize energy usage per unit area of the building 

contributing to energy efficiency improvement (Chel and Kaushik, 2018). Green building 

design consider efficient resource use such as water, material and energy, while 

minimizing the impact the buildings would have on environment from design, siting, 

operation, construction, maintenance stages and during possible renovations in future  

(Lee, 2013). Inefficient resource consumption, poor indoor air quality and greenhouse 

gases emissions are the major motivations towards adoption of green buildings. Buildings 

consume between 30% and 40% of the total energy produced globally (Howe, 2010). 

Excessive use of fossil fuels to power buildings and industries result in environmental 

degradation due to the emission of greenhouse gases, while foreign exchange incurred in 

importing crude oil to the country is high (Omer, 2011). Hydropower in the country is not 

fully reliable due to recurrent droughts in Kenya, hence the need to improve energy 

efficiency and reduce overreliance on utility power.  

Nairobi County, Kenya is located along the equator with climatic conditions that qualify 

for natural ventilation systems as opposed to the continuous use of mechanical ventilation   

systems in most commercial buildings. June/July marks the only cold months in the 

region, with temperature dropping to about 100C during the night only. Proper building 

design to improve air infiltration allow proper admission of air inside the buildings 
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naturally can solve problems of ventilation which consume lots of energy for cooling and 

heating purposes. Building design without regard to the impact on energy demand and 

environment have made use of natural ventilation in Nairobi impossible, while on the 

contrary the regions suits for natural ventilation. In Nairobi, the current landscape 

maintenance, survival and creation does not depend on natural factors, rather on high 

energy and technology inputs. Sustainable design principles require consideration for 

zoning to reduce building density to protect the environment and natural resources (Rotimi 

and Kiptala, 2014).  

1.2 Indoor Air Quality in Buildings  

Indoor air quality refers to the status of air inside or near a building, in terms of particulate 

matter, biological and chemical contaminants, pollutants, temperature, ventilation, 

humidity affecting the comfort of the building occupants (Wolkoff, 2018). Building 

ventilation systems performance affect the indoor air quality and ventilation energy 

requirement of the buildings (Nowak et al., 2018). Due to the increased concern on indoor 

health environment and energy use reduction, natural ventilation is one factor for 

consideration in designing green buildings (Nowak et al., 2018). Ventilation systems 

whether mechanical or natural remove humid and contaminated air out of the building and 

replace it with fresh air with less humidity and contaminants. Poor air change rate in 

enclosed indoor spaces contributes to increased rates of transmission of infectious diseases 

(Knibbs et al., 2011).  

Additionally, ventilation systems contribute to total energy losses of a building especially 

in mechanically conditioned buildings where air-conditioning of outdoor air to meet 

required internal conditions is necessary. Trace gas method is the common method used 

in determining ventilation rates in buildings. Many researchers have utilized Carbon 

Dioxide (CO2) as tracer gas as is naturally produced by building occupants (Nowak et al., 

2018). 
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1.3 Green Building Overview  

Green construction is a structured method of electing buildings that satisfy certain criteria 

from site selection phase to renovation of the building (Gan et al., 2015). It involves cradle 

to grave consideration of the building’s energy consumption and environmental impact. 

Site selection for green building should consider ecological sensitivity areas; avoid areas 

prone to flooding, away from public green areas and cultural and commercial facilities 

(Kim and Shin, 2011). In site selection, the impact of the building on existing landscapes 

and potential change of use in the future are important considerations. Construction 

process should utilizing locally available raw materials, recycle and re-use of raw 

materials. Materials with low embodied energy and less global warming impact are the 

priority. Indoor environment of green buildings should be a priority and should enhance 

day lighting, thermal comfort and acoustic conditions of the building while controlling 

humidity, volatile organic content (VOC) of the materials to the minimum (Kim and Shin, 

2011). 

Green buildings are primarily designed for energy saving and conservation. Green 

buildings should minimize as much as possible energy used in operation of the building’s 

lighting, cooling, and running appliances, water heating and air handling. Furthermore, 

green buildings should actively utilize renewable resources to power the buildings. 

Incorporating heat pumps, passive heating and cooling of the buildings, solar water 

heating and photovoltaic technologies to supplement utility power, while eliminating use 

of fossil fuels in the buildings is necessary. Green buildings should adopt energy 

management principles in their operations to improve on the energy efficiency in the 

buildings. To achieve sustainability, automation of lighting systems and equipping the 

buildings with occupant sensors and appliance control system to ensure energy used only 

when needed (Chel and Kaushik, 2018). Green buildings should utilize and store water 

resources efficiently. Rainwater harvesting and treatment of gray water should be a 
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priority while designing green building to ensure that it does not completely rely on 

municipal water supplies and reduce operational costs (Wara, 2016).  

 

Figure 0.1: Considerations for green buildings 

1.4 Metabolic CO2 in Buildings and Air Quality 

Temperature levels, relative humidity and pollutant concentration affect indoor air quality. 

According to Persily and de Jonge (2017), increased levels of metabolic CO2 in buildings 

has been linked to increase in other indoor contaminants affecting performance and health 

status of occupants. CO2 concentration levels in a building vary depending on physical 

activity and number of occupants, ventilation rate and rate off gassing from equipment 

and materials in the buildings (Prill, 2013). As result, these factors justify why CO2 

concentration are used to design ventilation systems (Prill, 2013; Laverge et al., 2015). 

Besides, increased CO2 levels presents challenges on indoor air quality because, though 

CO2 in low amounts might not affect people, it signifies possibility of increased exposure 

to contaminants and pollutants (Cetin, 2016; Yalcin et al., 2016). An adult exhales breath 

containing between 35,000 ppm to 50,000 ppm (Prill, 2013). Concentration levels inside 

a building relate directly to the number of occupants in the building, ventilation rate of the 

building and the concentration level of CO2 in outside air (Yalcin et al., 2016). 
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1.5 Global and Local Energy Consumption Patterns  

In United States, commercial buildings utilized more than 60% of the total energy 

produced. Department of Energy (DOE) projects energy use would increase by 19% by 

the year 2025 (Sessions, 2015). In the European countries, 40% of energy consumption is 

by buildings and also contribute to about 36% of greenhouse gases (Gan et al., 2015). EU 

2020 framework aims to develop energy efficient buildings through adoption technologies 

to facilitate creation of smart cities in the future (Carpio et al., 2014). Adopting green 

building technology can mitigate most environmental problems associated with building 

pollution and improve energy efficiency (Sessions, 2015).    

1.6 Origin of Green Buildings 

Current green building initiative commenced due to energy deficiency and need to have 

more ecofriendly buildings. In addition, the oil crisis of 1970s encouraged more research 

to improve energy efficiency and adoption of renewable energy sources to supplement the 

conventional sources. Energy efficiency research and environmental protection 

campaigns yielded green building development. Although it has been long, most countries 

have not fully adopted green building technology while some countries are making it 

compulsory in their statues to adopt the technology. In Africa, concern on green buildings 

have been low due to lack of industrialization and most countries have not exceeded their 

carbon trade limits. Green building or green development is the next big technology that 

would fit Africa and especially Kenya due to her climatic conditions and the fact that 

Kenya is moving towards industrialization where more and more energy would be needed 

translating to more pollution and carbon emission (Ohshita et al., 2015; Mundaca and 

Markandya, 2016).   
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1.6.1 Green Building Technology in Kenya 

Green Building technology has not gained much prominence in Kenya. The standards 

applied are those from Europe and United States for the few buildings regarded as 

complaint to green building principles. Several buildings in the country have been in the 

limelight for meeting the various criteria of green buildings. Among them are Strathmore 

Business School building which was constructed in compliance with Leadership in Energy 

and Environmental Design (LEED) system developed in United States, Catholic 

University Resource Center operates without any mechanical air conditioning system and 

UNEP building which is completely powered by solar Photovoltaic system. 

Understanding performance of such buildings in terms of energy use and capacity to 

reduce global warming would be important in policy formulation.  

Recently, in the year 2018, the Government of Kenya in partnership with Green Africa 

Foundation (GAF), through Low Emission and Climate Resilient Development (LECRD) 

project under Environment and Forestry Ministry, developed the GreenMark Standard. 

United States Agency for International Development (USAID) through United Nations 

Development Program (UNDP) funded the process. The GreenMark Standard for Green 

Building aims to provide weighted scores for buildings constructed utilizing the green 

principles of energy, water, and resource and health sustainability of the buildings. The 

scores are awarded depending on environmental sustainability of the building starting 

from sustainable site selection, sustainable material and resource selection and use, 

sustainable energy utility, water quality and efficiency, sustainable maintenance and 

operation and innovation applied in the lifecycle of the building (Otieno, 2018).      

1.7 Statement of the Problem 

As Kenya becomes industrialized, energy demand has increased while the supply is 

unsustainable (Kimuyu et al., 2012; Hameed et al., 2014; Wiberg et al., 2014). Therefore, 

sustainable energy management technologies to tackle increasing challenges of energy 
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demand and low energy supply are paramount. Green building is one of the energy 

management technologies when adopted would ensure the country is energy sufficient 

(Omer, 2011). Further, poor indoor conditions affect the health of occupants and their 

productivity as people spend more than 90% of their time indoors. However, it is 

imperative to conduct post-occupancy studies to validate whether the green buildings 

perform as designed. There is no information on green buildings’ performance in Kenya 

and the application of GreenMark Standard to certify building is required. The purpose of 

the study was to determine energy and indoor quality performance of selected green 

buildings in Nairobi Kenya.  

1.8 Justification  

Adoption of green building by 2050 can result to 50% reduction in energy consumption 

and 80% reduction in greenhouse gases emission (Gan et al., 2015). Green building can 

drive vision 2030 sustainability goals and Big 4 Agenda by providing affordable housing 

in terms of resources utilization such as water and energy, addressing universal health by 

improving indoor air quality, support manufacturing by freeing energy used in buildings 

for industries and addressing food security by utilizing harvested rainwater for domestic 

irrigation. It is necessary to establish energy efficiency and indoor air quality of reported 

green buildings in the country before mass adoption. Testing of new technologies to 

validate the gains to the society and the economy of the country before its adoption is 

critical.  

1.9 Objectives  

1.9.1 Main Objective  

The main objective of the study was to assess energy efficiency, indoor environment 

quality and sustainability testing of green buildings in Nairobi, Kenya 
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1.9.2 Specific Objectives  

1. To investigate energy consumption patterns for commercial green and non-

green buildings in Nairobi County, Kenya. 

2. To determine adequacy of ventilation through indoor air quality assessment in 

green and non-green buildings. 

3. To determine the sustainability of green buildings using the GreenMark 

Standard. 

1.10 Research Questions  

The research sought to answer the following questions: 

a. Is there any difference in energy consumptions between green and non-green 

buildings? 

b. Does the energy efficiency of green buildings justify their adoption?  

c. Do the green buildings have better air change rate than non-green buildings?  

d. Are the existing green buildings satisfying all energy and indoor environment 

conditions specified by the GreenMark Standard?  

1.11 Scope of Study 

The study focus on establishing the occupational conditions of green buildings in Nairobi, 

Kenya. The building used in this study are in learning institutions in Nairobi County, 

Kenya. Energy consumption patterns were analyzed using electricity bills in the 

institutions. Adequacy of ventilation determination in the study uses gas tracer method, 

and CO2 as the tracer gas. GreenMark Standard for Green Buildings was the tool utilized 

to test the building sustainability.   
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1.12 Study Limitation 

The study considered the total energy use of the buildings as the value indicated in the 

power bills from Kenya power. CO2 concentrations were used as indicators of air quality 

and rate of ventilations. Difficulties securing more buildings for the study meant only four 

buildings were used to make conclusions.   
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CHAPTER TWO 

LITERATURE REVIEW 

2.1 Theoretical Background  

2.1.1 Energy efficiency Theories  

Energy benchmarks are reference used to compare energy consumption between buildings 

classified in the same category. Organizations can develop internal benchmark or rely on 

external benchmark. Internal benchmark are institutional references for which an 

organization can compare its energy usage for buildings within the organization. External 

benchmark refer to reference by government for which energy consumption for similar 

buildings are undertaken. The external benchmark offer the best practice for effective 

energy efficient buildings (Khoshbakht et al., 2018). Buildings energy utility are 

normalized by floor area as shown in equation 2.1  

                                                                                        Ƞ =
𝐸

𝐴
                                              (2.1)    

Ƞ= Building Energy Intensity (BEI) (kWh/m2) 

E= Total energy Consumption in kWh 

A= is the total Area of the building m2 

Energy consumption used in calculating energy efficiencies in various ways. Energy 

consumption from power utility, which mainly in electronic or manual formats, provide 

most convenient way of estimating energy consumption. When detailed energy 

consumption data is required, shadow metering installed at utility service point also keep 

record of energy consumption. Energy from sub-meters and other automated consumption 

systems also utilized to obtained building energy consumptions (Khoshbakht et al., 2018).  
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In this study energy consumption were calculated using electricity bills from Kenya Power 

billed to the institutions. In Kenya, energy efficiency of buildings is determined using 

benchmark and baseline developed by Ecocare International Ltd contracted by Energy 

Regulation Commission (ERC) currently named Energy and Petroleum Regulation 

Authority (APRA) to establish energy efficiency of the buildings (Mbogori et al., 2013). 

An extract showing maximum annual consumptions for various buildings is as shown in 

Table 2.1. Institutions of higher learning electricity values correspond to those for 

colleges.  

Table 2.1: Annual energy consumption benchmark values (Mbogori et al., 2013) 

  

The BEI compared with the baseline and benchmark values gives the energy efficiency of 

the buildings. To establish the energy efficiency of each building, the Benchmarked value 
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divided into four quartiles. The first quartile (0%-25%) represent most energy efficient 

building while the 4th quartile represent the least efficient. 

2.1.2 Tracer gas method and indoor air quality 

Tracer gas techniques are widely used to measure buildings’ ventilation rates, especially 

for naturally ventilated buildings. Generally, a tracer gas methods tag an idealized air 

volume to infer bulk movement of air. Considering conservation of mass principles 

utilizing continuity equation, one can monitor concentration of tracer gas to infer the air 

change rate in the building. It is difficult to establish natural ventilation or air infiltration 

for buildings without mechanical ventilation systems. Experimental methods such as use 

of tracer gas techniques become very useful (Afonso, 2013). Three major tracer gas 

methods exist for measuring ventilation rates in buildings: Steady-state method, decay 

method and build-up method (Batterman, 2017). Different equations govern the different 

methods shown below:  

I. Steady-state method   

                                                            𝐴𝑠 = 6 × 104𝑛𝐺𝑝/{𝑉(𝐶𝑆 − 𝐶𝑅)                            (2.2)   

Where;  

As= Steady-state air change rate; n=number of persons; Gp Average CO2 generation per 

person; V= volume of the space (m3); CS-steady-state indoor CO2 concentration (ppm); 

CR= Outdoor CO2 concentration.  

II. Decay method  

                                                          𝐴𝐷 =
1

Δt
ln{(𝐶1 − 𝐶𝑅)(𝐶0 − 𝐶𝑅)}                            (2.3)    
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Where AD=Decay air change rate; Δt = period between measurements (h); C0 and C1 = 

measured CO2 concentrations over the decay period (ppm); and CR = CO2 concentration 

(ppm) in outdoor air 

III. Build-up Method  

                                                 𝐴𝐵  =
1

𝛥𝑡
𝑙𝑛 {

𝐶𝑆 −  𝐶0

𝐶𝑆 −  𝐶1

}                                                 (2.4)  

Where Δt = period between C0 and C1 measurements (h), CS = steady-state concentration 

(ppm), and C0 and C1 = CO2 concentrations measured at start and end of the observation 

time window, respectively (ppm).  

Simplifying eqn. 2.4 we get;  

                                                               𝐼 =
1

𝑡
. ln(ϲ)                                                   (2.5) 

I is the air change rate (h-1) 

ϲ is the difference in indoor and outdoor CO2 concentration (ppm) 

t is the time of the day (hours) 

The following equation give an expression for calculating ventilation rates;  

                                                                                         𝜈 = 𝐼 ∗ 𝑉                            (2.6) 

Where; 
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I is the air change rate (h-1) 

ν is the ventilation rate (airflow rate) (m3/h) 

V is the volume of the building (m3) 

Gases used in tracer gas method can be metabolic products such either as CO2 or 

artificially injected in the buildings. Due to environmental impact of artificially injected 

tracer gases, CO2 has become more convenient tracer gas. CO2 offer cheap, fast, simple 

and reliable method of estimating ventilation rates in buildings (Edouard et al., 2016). 

CO2 concentration provides a cheaper and easier method for air-change rate measurement. 

The level of CO2 in buildings is proportional to impurities and contaminants in the 

building space that affect indoor air quality. Further, use of metabolic CO2 as tracer gas 

eliminates introduction of other gases such as sulphur hexafluoride (SF6) in the building 

space, which has higher greenhouse effects. CO2 provides the stable and inert 

characteristics needed for tracer gases (Beko et al., 2016; Batterman, 2017). Preferred 

tracer gases should be inert, non-toxic in ambient conditions and measurable and CO2 

satisfies all the conditions of tracer gases (Afonso, 2013; Nowak et al., 2018).  

Temperature and humidity affect indoor air quality. Virus and bacteria thrive in extremely 

high humid environments, as does mold spores and other allergens and off-gassing 

activities. Ensuring acceptable humidity levels in buildings is key to achieving high 

quality indoor air. Acceptable humidity levels range between 40% and 60%. Higher 

temperatures indoor air quality, recommended temperature levels inside buildings range 

from 20 ℃ to 25.5 ℃ (Laue, 2018). Increased levels of metabolic CO2 in buildings 

indicates increase in other indoor contaminants affecting performance and health status of 

occupants. Besides, increased CO2 levels presents challenges on indoor air quality 

because, though CO2 in low amounts might not affect people, it signifies possibility of 

increased exposure to contaminants and pollutants (Celtin, 2016; Yalcin et al., 2016).  
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2.1.3 Building sustainability testing  

World Green Building Council (WGBC), an affiliate of more than 80 building councils in 

different countries, fast tracks transformation of conventional buildings into green 

buildings. The council has a goal of sustainable construction to reduce effects of climate 

change and CO2 emissions. WGBC further works to help adoption of market-based green 

building rating and criteria systems that are country specific. Most of the countries adopt 

the ratings depending on the priorities set by the country because there is no universal 

rating system (Bahaudin et al., 2014). Having energy efficient buildings is critical to 

environmental degradation, mitigation and conservation of natural resources. United 

States leads the process of policy formulation regarding green building with several rating 

systems adopted to classify the level of green technology in each specific building. 

Different rating standards have specific elements and categories that buildings should 

satisfy to be rated as green or sustainable. Checklists that officers use to analyze buildings 

components and performance with regard to specific categories inform scores awarded to 

each particular building. The GreenMark Standard established the checklist for each 

category as shown in Appendix 28, 29 and 30.  

2.2 Related Literature  

2.2.1 Green Building   

Environmental Protection Agency defines a green building or sustainable building or 

high-performing building as structures that are environmentally responsible and resource-

efficient throughout a building’s life cycle from siting to design, construction, operation, 

maintenance, and renovation phases. This practice expands and complements the classical 

building design concerns of economy, utility, durability and comfort. Federal 

Environmental Executive office defines a green building as the practice of first, increasing 

the efficiency with which buildings and their sites use energy, water and materials and 
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second, reducing building impacts on human health and the environment, through better 

siting, design, construction, operation, maintenance, and removal during the entire 

building life cycle. The definition of a green building factors life cycle assessment of the 

building in regards to the economy, health, environment and social impacts. It does not 

factor the immediate condition of the building rather it takes the impact throughout the 

life of the building (Howe, 2010).  

2.2.2 Status of Green Building  

Building sector is an important sector for any economy to grow. However, buildings 

consume a lot of energy, water and raw material, while being a major environmental 

polluter (Shaikh et al., 2014). The major focus of green building is to reduce energy 

consumption of the building sector. In addition, occupant comfort and health are also 

priorities that green buildings aim to achieve. Global warming is an environmental 

degradation aspect that all sectors of the economy are focusing to address and green 

building sector can help address the issues of global warming (Ohshita et al., 2015). In 

essence, energy conservation results to reduced production of carbon dioxide, a 

greenhouse gas, due to reduced reliance on fossil fuels to produce power needed in the 

buildings. Green building concept has the potential to bolster green development (Omer, 

2011). Certain objectives are important in developing green buildings: energy and 

resource efficiency; pollution prevention; GHGs emission reduction; noise mitigation; 

indoor air quality improvement and environmental friendly (Pueyo et al., 2015). The cost 

of putting up a green building should be low while ensuring that minimal maintenance is 

required and should return to earth in its entirety when abandoned (Akadiri et al., 2012).  

Global status will shift greatly by 2056 if left undisturbed; fivefold increase of global 

economy, about 50% increase in population, about threefold increased energy 

consumption and manufacturing possibly increasing threefold projected. For instance, 

fossil fuels are common in construction industry and have had fears due to the impact it 

could have on energy resources depletion and environmental impacts such as CO2 
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emission, ozone layer destruction, climate change and global warming. All stages of 

building construction consume enormous amounts of energy: construction stage, material 

production stage, running a completed building require energy. In addition, 40% of global 

environmental pollution results from buildings (Akadiri et al., 2012). 

2.2.3 Considerations in Designing Green Buildings  

Initial cost, which is marginally higher than the cost of developing conventional buildings, 

hinder implementation green building projects. Green buildings require systems 

developed with new technology in order to enhance utility and comfort of the buildings. 

Several differences exist between conventional buildings and green buildings. The 

differences are generally design related. Conventional buildings reflect light while green 

buildings absorb light. Conventional buildings insulate solar energy, green buildings use 

and absorb solar energy. Conventional buildings shed rainwater while green buildings use 

and capture rainwater. Lastly, conventional building produce high wastewater while green 

buildings treat, store and re-use any wastewater (Chel and Kaushik, 2018).  

A green building should be as natural as possible to help mimic outdoor conditions in the 

indoor space. Solar resources are critical in green buildings in aiming at reducing energy 

consumptions in the buildings. Green buildings utilize daylight illumination to eliminate 

use of electricity for lighting purposes during the day. The buildings have various features 

to help enhance daylight illumination (Da Silva et al., 2018). The buildings should be 

fitted with glass roofing or coating to allow light into the building during the day. In 

addition, shading devices and auto dimmers regulate the light entering the buildings at 

each particular time. Motion sensors are also important in the buildings to help switch on 

and off the lights depending on utility status the building space. Reflective surfaces such 

as light shelves regulate the level of illumination in the buildings (Wang et al., 2018). 

Solar heating measures incorporated in the buildings reduce energy usage in heating water 

for domestic purposes. Roofs, walls, floors and windows can be fitted with heat storing, 
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collecting, distributing and releasing systems to help reduce the cost of maintaining 

suitable conditions in the buildings (Lee, 2013). Solar passive techniques help in provision 

of day lighting, cooling and heating requirements of any building. Proper combination of 

the features involves solar energy collection through windows that are oriented on the 

north-south direction. (Green buildings should be oriented in the North- South directions 

particularly to allow proper penetration of light and avoid uneven heating of the building 

as time of the day changes). The energy is stored in the building as thermal mass by use 

of high heat capacity building materials like brick walls, tile floors and concrete slab. 

Radiation and natural convection mechanisms redistribute energy stored in the building 

space. To enhance passive solar heating mechanism in green buildings, all the components 

must work together (Chel and Kaushik, 2018).  

The components of solar passive heating include; aperture, which is a large window 

(glass) inclined 300 of the true south. The aperture should be away from shading caused 

by tall buildings and trees mostly throughout the day. An absorber, which should be hard 

and darkened to enhance its ability to absorb heat from the sun. The absorber could include 

partitions fitted with phase changing materials, floors or masonry walls. Thermal mass, 

which comprise the material responsible for retaining or storing absorbed heat from the 

sunlight. Thermal mass is the material behind or below the absorber. The distribution 

method of the absorbed and stored heat. Since it is a passive system, it should utilize 

natural heat transfer methods, rather than forced heat transfer methods, which include 

convection, radiation and conduction (Chel and Kaushik, 2018).  
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Figure 0.1: Solar Passive Heating Component; source: Chel and Kaushik, 2018. 

Energy performance of buildings fitted with phase changing material that have thermal 

storage capacity reduce dependence on fossils in buildings (Soares et al., 2013). Use of 

phase changing materials (PCM) can reduce the energy needed to cool and heat a building. 

Fitted PCM on walls, floors, windows, ceilings, and the phase change passively without 

use of mechanical devices. The systems can greatly help reduce energy demand and 

environmental pollution. PCM change from solid to liquids when the temperatures 

increase in an endothermic process in which heat is absorbed (Soares et al., 2013). When 

the temperatures decrease, the phase change from liquid to solid happens in an exothermic 

process releasing heat into the building. Instead of fitting houses with heating, ventilation 

and air conditioning systems (HVACs) that consumes energy, buildings can be fitted with 

PCM that regulate the building temperatures through change of phase while releasing or 

absorbing heat (Soares et al., 2013).  

Solar passive heating in green buildings in diverse ways; directly heating the building 

space, functioning as heat collection, absorption and distribution medium. The thermal 
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mass (walls and floors) absorb and store solar energy during the day and radiate to space 

during the night. Indirectly, water walls and Trombe walls store heat energy during the 

day and release the energy during the night (Chel and Kaushik, 2018). Isolated gain solar 

energy move heat to and from a building space through fluids like water and air. Further, 

plate collectors generate heating and cooling effect on building (Basecq et al., 2013).  

Green buildings with control mechanisms reduce possibility of overheating and under 

heating of the building space. Such control mechanisms include electronic sensors such 

as thermostats to regulate fans; roof overhangs utilized during summer for shading. 

Operable dampers and vents to restrict and allow heat flow, awnings and low-emissivity 

blinds. The major use of the control system in the passive system is to reduce loss of the 

absorbed heat. The aperture fitted with mechanical or automatic control systems regulate 

the amount of absorbed and distributed solar heat. They could be both operable and non-

operable window coverings to regulate sunlight entering the building. In addition, cellular 

shades on the aperture reduce heat loss during the seasons the building require heating and 

prevent unwanted solar heat during seasons the buildings require cooling. Window quilts 

like the cellular shades allow or limit solar heat in the building. Roller shades, curtains, 

drapes, blinds and window films are other interior mechanisms used passively regulate 

solar heating in a building. Exterior mechanisms for solar heating control include exterior 

shades and shutters, awnings and solar screens fitted on the windows all aimed at 

regulating the amount of heat received by the building (Basecq et al., 2013). 

Fitting green buildings with solar photovoltaic (PV) system minimize the cost of powering 

the buildings from grid power. The PV systems convert solar energy into electricity 

supplied in the buildings for utility. The use of PV system is important because it 

minimizes GHGs emissions. Green buildings entirely depend on renewable energy from 

PV system or have hybrid system that incorporates PV system with national grid system. 

Buildings that entirely rely on onsite power supply from renewables are Net Zero Energy 

Buildings. The idea behind NZEB is to solve energy saving problems, reduction of CO2 
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emissions and provide environmental protection. Adoption of renewable energy in 

buildings is the most viable solution to energy security, global warming and air pollution. 

Energy storage in buildings, thermal or electrical, addresses peak and off-peak 

instabilities. Due to climatic conditions that affect supply of renewables, supplementing 

with grid power is important. When the renewable system produces extra power, it is sold 

to the grid, when the system produces low power, the system is supplied by the grid power 

to ensure sustainability and productivity throughout. To reduce cost of operation of PV 

system in green buildings, investors adopt Power Purchase Agreements (PPA). PPAs 

allow the building to avoid the cost of installing storage system as the excess power 

produced during the day is fed to the main grid and compensated during the night when 

solar energy is lacking (Deng et al., 2011).          

2.2.4 Energy Demand, Energy efficiency and SBT in Kenya  

Energy remains the major resource to transform a developing country into a developed 

one thus critical for any country’s economy, health and population’s wellbeing (Wekesa 

et al., 2016). Kenya, for instance, experiences an energy and environmental crisis due to 

the sustained reliance on woody biomass (68%), Petroleum fuels (22%), and electricity 

(9%) (Eshiamwata et al., 2019). These competing energy sources negatively affect the 

environment. In addition, electricity mainly hydropower produced is highly unreliable due 

to persistent droughts with consequential drying of water reservoirs. Despite the country's 

struggle to solve energy challenges, like establishing plants driven by geothermal and 

diesel generators, energy cost continued to rise in the last decade (Wekesa et al., 2016). 

In the recent years, plenty of research on integrating solar and biomass energy system are 

under the spot light as it helps in self-sufficient and green rural electrification and also 

boosts the native community to utilize the bio-waste comprehensively (Reddy et al., 

2016). 

Energy demand in Kenya has been increasing each year due to ambitious plans of the 

government to have the country industrialized by 2030 (Kinoti, 2017). Table 2.1 shows 
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energy demand between 2003 and 2014. For instance, Kinoti (2017) projected the demand 

to be 5359MW in 2018 up from 1512MW in 2014 due to economic and population growth 

in the country. The Standard Gauge Railway, LAPPSET, industrial parks, resort cities and 

the 4 economic development Pillars “BIG FOUR” of the government are supposed to shift 

energy demand to the upper side. The country has been relying on power Imports from 

Uganda and Ethiopia to supplement deficiencies experienced especially due to droughts 

affecting hydropower production. Power demand has pushed adoption of Independent 

Power Producers (IPPs) some of whom have installed fuel oil plants contributing to 

environmental pollution (Kenya Power, 2016). The Kenya Energy Policy (2015) 

recognizes that energy saving and conservation in Kenya has not been exploited majorly 

due to lack of awareness of the benefits of energy saving and lack of knowledge of 

methods of energy conservation, limited data and lack of technical capability. The 

responsibility of creating awareness belongs to the government, in addition to developing 

strategies and undertaking research to inform on energy efficiency and conservation.   
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Table 0.2: Annual energy consumption patterns: MoE (2015)   

 

According to Howe (2010), the most important aspect of a green building is energy 

efficiency. If a building does not utilize the energy efficiently, then it would be difficult 

to consider such a building as sustainable or high performing or green building. Research 

shows that buildings consume more than 40% of the total energy produced globally while 

they are responsible for about 30% of total carbon dioxide emissions globally (Allouhi, et 

al., 2015). Buildings, in United States, are projected to increase energy consumption by 

19% by 2025 (Wang et al., 2018). Energy efficiency also concerns the input output ratio 

of the energy applied. Most countries utilize their energy inefficiently such that it is 

economically inefficient to use energy. To prevent escalating energy demand, green 

building is the next option. Policies and regulation should be put in place to ensure that 

Kenya does not move towards the energy crisis way. According to European commission, 

2011, buildings contributed to 16% of total emissions. European countries established a 

compulsory time-of-transfer performance certification as form of compliance to energy 

performance policy for buildings. Since 2008, all member states should comply with 

Energy Performance of Building Directive (EPBD) (Sessions, 2015). In Australia, home 

owners should disclose building energy use (Hsu, 2014; Sessions, 2015). Buildings’ 
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energy consumption in United States increased from 33% in 1980 to 41% in 2012 (Begum 

et al., 2015). Cancun and Copenhagen Treaties require that all developed states to reduce 

their emissions and maintain the global warming at 2 0C (Wara, 2014; Lee, 2015). The 

European Union projects GHGs emission reduction by a range of about 90% by 2050 

through adopting measures to increase energy efficiency (Allwood et al., 2010).  

 2.2.5 CO2 Measurement Importance and Technology   

2.2.5.1 Importance of CO2 Measurement 

Metabolic CO2 concentrations in a building determine building ventilation adequacy. 

Contaminant concentration and rate of air change in buildings affect air quality inside a 

building. Outdoor air remove and dilute contaminants and other pollutants inside the 

building. Metabolic CO2 is expressed in parts per million (ppm), the amount CO2 

molecules present in a million molecules of air. CO2 concentration provides a cheaper and 

easier method for ventilation measurement as it relates to impurities and contaminants that 

affect indoor air quality in building space. CO2 concentration build-up in buildings show 

inadequate ventilation needed to remove and dilute CO2 inside the building from the 

building occupants. Air outside and inside a building mix through ventilation system 

which could either be natural or mechanical (Prill, 2013).   

2.2.5.2 CO2 Measurement Technology  

CO2 meters used to measure CO2 concentrations are inexpensive and easy to use. 

Ventilation rates calculation using the tracer gas method involve measurement of both 

indoor and outdoor CO2 concentration (Nowak et al., 2018). Typical outdoor CO2 

concentration levels range between 380 ppm to 500 ppm. CO2 meters present in market 

can measure CO2 only, others can measure CO2, humidity and temperature and others 

gases like Carbon monoxide (Prill, 2013). Some advanced meters measure volatile organic 

compound (VOC) used to infer levels of CO2 concentrations in the building. Indoor 
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concentration in buildings should not exceed the outdoor concentration by a value more 

than 650 ppm (McNulty et al., 2019). In addition, as the CO2 concentration increases, 

other indoor contaminants also increase hence exposing occupants to distracting, irritating 

and possibly unhealthy particulates and gases (Prill, 2013).   

2.2.5.3 Using CO2 to Measure Ventilation Rate 

Ventilation rate study utilizing tracer gas methods require the zone or the building to 

achieve steady-state equilibrium with the surrounding to minimize errors. For buildings 

that have low ventilation rate, the levels of CO2 could increase without reaching 

equilibrium throughout the day. On the other hand, good mixing and high ventilation rate 

minimize CO2 accumulation beyond recommended levels (Prill, 2013). Allowing the 

building to reach equilibrium is necessary before measuring concentration levels so that 

the reading would reflect the accurate ventilation rate of the building. Some errors though 

in establishing ventilation rate through CO2 measurements could arise due to: significant 

fluctuating occupancy rates, calibration problems of the equipment, having ventilation 

system that modulate the amount of outside air allowable during the day, measurement 

location or poor mixing of air in the space (Labeodan et al., 2015). CO2 sensors monitor 

concentration levels in a building, which the HVAC system utilize in modulating the 

volume of outdoor air required. Demand-controlled ventilation in buildings save energy 

as only the required outdoor air is conditioned (Prill, 2013; Labeodan et al., 2015).     

Ventilation rate is important in determination of building air quality and energy 

consumption. Building ventilation with outside air is required to maintain indoor 

environmental conditions at suitable levels to avoid discomfort, health issues, productivity 

and absenteeism in work places (Batterman, 2017). Ventilation systems whether 

mechanical or natural allow fresh air inside the building replacing humid and 

contaminated air out of the building necessary for internal air quality control. Whether it 

concerns energy saving or air quality in the building, establishing adequacy of ventilation 

or efficiency is necessary (Nowak et al., 2018).  Air change rate in naturally ventilated 
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buildings depend on geographical location, whether conditions, building characteristics 

and occupant behaviors (Beko et al., 2016). Building design and orientation are important 

determinants of air change rate, as they dictate air movement between the indoor and 

outdoor environments of the buildings (Chel and Kaushik, 2018). In most buildings, 

heating, ventilation and air conditioning (HVAC) systems consumes considerable amount 

of energy. In United States, HVAC systems account for 50% of energy consumed in 

buildings while constituting 20% of the total energy consumed in United States 

(Batterman, 2017).    

Increased concern on indoor health environment and energy use reduction highlights 

natural ventilation as one factor for consideration in designing green buildings (Nowak et 

al., 2018). CO2, as tracer gas, produced by building occupants hence cheaper testing 

without requirement of mechanical emitters (Beko et al., 2016; Batterman, 2017; Nowak 

et al., 2018). Most studies have considered buildings as single zone and use single air 

change mean as the measurement for the entire building (Beko et al., 2016). However, 

considering inter-zonal air changes within the building envelop eliminates errors 

occasioned by assuming a single zone analysis (Afonso, 2013; Gough et al., 2013; Nowak 

et al., 2018).  

Experimentally, adequacy of ventilation and air change (Mechanical, natural or 

infiltration) can be calculated using the tracer gas method and applying the mixed mass 

balance model (Afonso, 2013; Batterman, 2017; Nowak et al., 2018). The method utilize 

either metabolically generated CO2 or CO2 introduced mechanically. The evolution of the 

tracer gas concentration with time analyzed mathematically to determine the flow rates in 

the building envelop. However, the building envelop is considered a single zone in the 

analysis method. Three major methods use the tracer gas methods: the decay method, 

constant concentration and constant tracer emission. The decay method used mostly due 

to its simplicity (Afonso, 2016). Tracer gases must satisfy certain conditions which 

include being inert, odorless and with minimal impact to the environment. Use of CO2 in 
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ventilation rate determination is suitable because it is inexpensive as the gas readily 

available in the air, can be easily generated and the equipment are easy to read and 

affordable. Metabolically generated CO2 makes the measurement more cost effective 

because no CO2 emitters are needed (Nowak et al., 2018).   

Batterman (2017) used the CO2 concentration method to establish ventilation rates in 

classrooms, similar to Mahyuddin et al., (2013) who considered spatial distribution of 

CO2 in the buildings. Nowak and others (2018) used metabolically generated CO2 to 

determine ventilation rate in an office room. CO2 in buildings is generally from bio-

effluents and human activities in the buildings. Due to ventilation, the indoor air is 

constantly mixing with the outdoor air, which also introduce CO2 in the indoor 

environment from environmental polluters like vehicles and industrial activities. Beko et 

al (2016), analyzed air change rate and inter-zonal airflows using occupant-generated CO2 

as a passive tracer gas in homes. Consideration of spatial distribution and variation in CO2 

concentration in the building envelop eradicate use of building envelop as a single zone.    

Natural ventilation plays an important role in energy conservation, carbon emission 

reduction, and indoor air quality and comfort improvement. In regions with favorable 

climatic conditions (humid and hot), natural ventilation can eliminate and/or reduce usage 

of air conditioning systems (Guo et al., 2015). For effective natural ventilation, building 

design and shape should factor thermal and wind pressure ventilation systems (Guo et al., 

2015). Building design should consider seasonal variations and the impact they have on 

building comfort, energy use and indoor environmental quality. Regions that do not 

experience extreme weather conditions can entirely rely on natural ventilation while 

hybrids ventilation system (mechanical and natural ventilation) are suitable for those 

regions that experience extreme seasonal variation. Buildings with wind chimneys utilize 

cross-ventilation, while others designs creates stack ventilation or water evaporation 

system during hot seasons to facilitate air movement in the buildings (Akadiri et al., 2012).      
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2.2.6 Economic Benefits of Green Buildings   

Polesello and Johnson (2016) found that adopting energy efficient buildings would 

contributed to lowering cost of maintaining global warming below the recommended level 

of 20C by $2.8 trillion by 2030. Failure to implement policy on energy consumption in 

buildings will result to increased GHGs emissions. Adopting green building technology 

minimizes Energy consumption and CO2 emissions from the buildings. Retrofitting 

existing buildings reduce its GHGs emission and energy use.  

Hyland et al., (2013) investigated the effects of green building rating on the capability of 

renting and selling of properties. According to them people in Switzerland were willing 

to pay more for energy efficient buildings. Individuals could pay 8% more for house with 

better ventilation and about 7% more for insulated houses. House prices increased 

proportionally for every increased score on energy efficiency (Hyland et al., 2013). In 

China, houses marketed as green received better buying prices. However, later the 

buildings sold at discounted prices because the buildings performed below expectation as 

the country lacked proper green rating system. In German, every single percentage 

increase in energy efficiency attracted about 0.08 % value of buildings (Lopez et al., 

2018). The years 2008 and 2009, 31000 homes sold in Netherlands with rating of A, B 

and C had 3.7% premium price in comparison with other buildings (Sessions, 2015). In 

Portland Oregon, homes with Earth Advantage rating sold for 3%-5% higher than those 

without and 18 days faster, while in Seattle, homes with the Earth Advantage rating sold 

for 9.6% more than buildings without the rating (Stuart, 2011).  

2.2.7 Green Buildings’ Energy Efficiency  

Nguyen and Aiello (2013) stated that green buildings should utilize less energy as 

designed. The building technologies, products and design should utilize less energy from 

other sources, especially, conventional sources and utilize less energy compared to normal 

buildings. In addition, the authors indicate that such green buildings should reduce energy 
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consumption through use of equipment and materials that are highly energy efficient, 

produce local energy from waste resources and renewables and apply smart generating 

grids. Utilization of passive design methodologies in construction of buildings can reduce 

energy demand in a building (Hameed et al., 2014; Nguyen and Aiello, 2013).         

Different studies concerning energy utilization in commercial houses have been developed 

and technologies such as sensory devices that identify presence of individuals within the 

building and provision of control apparatus to ensure the building provides optimum living 

conditions (Labeodan et al., 2015). Placing sensors in a building helps regulate the indoor 

conditions of the building. The European Union has funded many projects to evaluate and 

install systems that consider humans and their comfort in the building. Other systems 

forecast the conditions in the building and guide in design of the buildings to accomplish 

green construction (Nguyen and Aiello, 2013). Usually system design does not guarantee 

complete performance, but the actual building performance might vary from the predicted 

performance level due to climatic and occupational conditions. Some buildings might 

have very low energy usage because they lack proper lighting, heating and ventilation but 

might not serve the people occupying the building effectively. A building, in essence, 

should provide good conditions for those occupying the house. Energy utilization per unit 

area of the floor or energy intensity is the most common determinant of energy 

performance. Countries create or establish certain threshold to gauge the energy efficiency 

of a building through a standard or code. Energy consumption in buildings is influenced 

by various factors, however, wasteful behaviors majorly due to lack of understanding of 

energy conservation contribute to more than double energy that could be saved as shown 

in the Fig. 2.2 (Nguyen and Aiello, 2013).  
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Figure 0.2: Energy use Behavior; source (Nguyen and Aiello 2013)     

The predicted energy consumption in many green buildings do not match the actual energy 

consumption in the buildings (Hsu, 2014). Most buildings perform below the simulated 

performance level necessitating the energy consumption analysis of the buildings to 

compare the predicted and actual energy consumption. Performance disclosure for 

buildings is necessary for decision making on policy and enforcement (Hsu, 2014). Some 

researchers have found that some retrofitted and newly constructed green buildings use 

more energy than the original conventional buildings. Reduced energy consumption is a 

very critical aspect of green buildings, therefore the objective of achieving a low energy 

consumption is very important (Hamdy et al., 2016). Some studies have shown deviation 

of about 25% to about 75% from the predicted energy consumption before after the 

occupation of the buildings based on simulated models of the buildings (Kneifel and 

Webb, 2016). Most green buildings comprise state of art complex and efficient equipment 

hindering operation at optimal energy efficient conditions. Although such equipment 
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might possess the best properties from a design perspective, operational parameters might 

differ completely (Hsu, 2014; Kneifer and Webb, 2016).  

2.2.8 Green Building Standards  

2.2.8.1 LEED Certification  

Leadership in Energy and Environmental Design (LEED) is an internationally 

acknowledged certification system for green buildings. LEED allow for third-party 

authentication that design and construction of a building utilized strategies stipulated for 

improving performance in relation to; water efficiency, energy efficiency, improved 

indoor conditions, reduction of CO2 emissions, impact sensitivity and proper use of 

resources. Developed by United States Green Building Council, LEED provides building 

operators and owners with a framework for implementing and identifying measurable and 

practical green building operations, designs, and maintenance and construction solutions. 

LEED rate residential and commercial buildings throughout the lifecycle: design, 

operation, construction, tenant fit-out, retrofit and maintenance. In addition to LEED, 

different States in United States have national certification systems (Bahaudin et al., 

2014). It is important to note that building certification is not mandatory. LEED certified 

buildings attract incentives like zoning allowances and tax rebate.     

Table 0.3: LEED scoring criteria for green buildings (source Bahaudin et al., 2014).  
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2.2.8.2 Energy Performance of Buildings Directive (EPBD) 

The European Union has established compulsory certification of all buildings for member 

states. The primary purpose of the energy framework is to save and conserve the final 

energy and related parameters like energy costs, CO2 emissions and primary energy 

without compromising productivity and comfort. Green buildings rating in EU offer 

independent standards of assessment for building sustainability and performance. 

However, each region or country has its own rating system varying from country to 

country (Carpio et al., 2014).  

2.2.8.3 Building and Construction Authority (BCA) Green Mark Scheme 

BCA Green Mark Scheme is an initiative in Singapore aimed at propelling construction 

industry towards environmental-friendly buildings. The aim of the initiative is to create 

more awareness in built environment sustainability among different stakeholders in the 

construction sector. BCA Green Mark intents to facilitate energy, material resource and 

water use reduction, minimize possible environmental impact and improve indoor 

environmental quality. The Green Mark score consists of all numerical points awarded in 

each category of the set values. Energy efficiency, water efficiency, sustainable 

maintenance and operation, Indoor Environmental Quality and Green innovation are the 

major categories for scoring. Table 2.3 shows scoring and credits for Green Mark Scheme.  
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Table 0.4: Singapore's BCA Green Mark Scheme (Bahaudin et al., 2014). 

The GreenMark Standard for Green Buildings  

The GreenMark is Kenya’s green building rating system created in the year 2018 to assist 

in development of green buildings in the country, customized to fit the conditions of the 

country. The GreenMark standard awards points that result to the final score based on 

broad categorization of environmental impact the building has including: energy 

efficiency, Indoor Environmental Quality, water conservation and efficiency, operation 

maintenance and management, innovation and Materials and resources. Cumulative 

weighting for the above characteristics of the buildings produce a single score (Otieno, 

2018). The buildings are rated platinum, diamond, gold, silver or bronze depending on the 

cumulative weighting score as shown in Table 2.4 

Table 0.5: Kenya's GreenMark Standard criteria and scoring system (Otieno, 

2018) 

 Criteria  Scoring Total 

Score 

Rating Award 

Sustainable Site planning and development 15 91-100 Diamond 

Sustainable Materials and Appropriate Technology 10 85-90 Platinum 

Renewable Energy and Energy Efficiency 20 75-84 Gold 

Water Efficiency and Quality 20 65-74 Silver  

Health Indoor Environment 20 50-64 Bronze 

Operation maintenance and decommissioning 10   

Innovation 5   
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CHAPTER THREE 

MATERIALS AND METHODS 

3.1 Study Area and Population  

Four buildings considered in this research are at Strathmore University (1.30890 S, 

36.81210 E) and Catholic University of Eastern Africa (CUEA) (1.35220 S, 36.75680 E); 

two buildings in each institution. The buildings coded as GB1 and NGB1 at Strathmore 

University and GB2, and NGB2 at CUEA. GB1 occupies on an area of 2050 m2 for the 

basement, 1670 m2 on each of three floors. GB1 relies on renewable energies (Solar 

powered) during the day with installed capacity of 600kW, while excess power produced 

during the day sold to KPLC through the Power Purchase Agreement (PPA) (Da Silva and 

Ssekulima, 2015). During the night, the building power supplied to the building by KP 

compensated by excess power sold during the day. GB1 has glass roofing and wall 

curtains that allow for day lighting, two waterfalls for cooling the building, evaporative 

cooling system to maintain ambient conditions. GB1 also is oriented in the North-South 

direction to reduce direct solar radiation and windows are set into the wall to increase 

shading, in addition, to roof overhangs. GB1 uses energy efficient electronic ballast 

lighting system for efficient energy use. Further, rainwater is harvested, stored in 

underground tanks and used and re-use in the building. The harvested water caters for 

90% of water needs in the building (Da Silva and Ssekulima, 2015). NGB1 is conventional 

two-floor building adjacent to GB1. Powered by national utility grid (Kenya Power), and 

oriented in the East- West direction, occupies an area of 932.8 m2, each floor.  

GB2 library section occupies 2214 m2 is powered by the Kenya Power. It is oriented in 

the North-South façade to facilitate natural day lighting without direct solar heating of the 

building. GB2 was constructed utilizing locally available materials; Mazeras paving, Njiru 

stones, Mvule timber and Rongai stones. GB2 has enhanced Natural air ventilation 

through windows and ventilation cowls and ventilation louvers across the walls. 
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Rainwater harvesting into an underground tank and used for tree and lawn watering 

(Kimani and Kiaritha, 2019). NGB2, on the other hand, is conventional three floor office 

block in the institution and occupies an area of 1319 m2 across the three floors and GB1, 

NGB1 and NGB2 have height of 2.8 meters each floor while GB2 has floor height of 4.0 

m.  

 

Figure 0.1: Study area (Google Maps, 2020) 

3.2 Research Design 

The study covers three broad areas namely: 

a. Energy consumption and energy efficiency evaluation 

b. Air change rate, ventilation rate, indoor air parameters  

c. Sustainability testing of the buildings  
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3.2.1 Energy Consumption and Energy Efficiency Evaluation  

Energy consumption patterns calculation utilized the energy bills supplied by the Kenya 

Power (KP) for each specific building from January to December 2018. As indicated in 

section 2.1.1, use of power bills from utility providers provide a long-term analysis of 

energy consumption patterns in a building. Monthly energy bills were added together from 

January 2018 to December 2018 to get the total annual energy consumption for the whole 

year. As indicated in equation 2.1, to calculate BEI, the total annual energy (electricity) 

consumption should be divided by the area of the buildings. Area of the buildings were 

calculated by cumulatively adding all areas of the different floors. The areas were 

calculated from building plans provided by the institutions. For buildings lacking design 

plans, a tape measure was used to measure the area of each floor which were cumulatively 

added together to obtain the total area of each building.  

As state in section 2.1.1, to calculate buildings’ energy efficiency, the BEI obtained from 

equation 2.1 were compared with benchmark values for colleges captured in Table 2.1. 

Buildings in institutions of higher learning were considered because in the benchmark and 

baseline are classified as similar in terms of energy consumptions. To convert annual 

electricity consumption for colleges, the value was converted from square feet to square 

meters by multiplying the value by a factor of 10.764. The value obtained was then divided 

into four quartiles and each building consumption placed in the quartile the consumption 

fitted (Mbogori et al., 2013).    

3.2.2 Air change rate, ventilation rate and indoor air quality determination  

Air change rate in the buildings was calculated using the build-up tracer gas method as 

shown in eqns. 2.4 and 2.5. Indoor and outdoor CO2 concentration in parts per million 

(ppm) were measured across all buildings for a period of 4 months at an interval of 10 

minutes between 11:00 am and 4:00 pm every weekday.  The data was collected between 

November 2018 and February 2019. Since the build-up method was used to calculate the 
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air change rate, the buildings were allowed time to achieve equilibrium concentrations to 

eliminate errors due to sharp increase in CO2 concentration occasioned by increased 

occupancy. Metabolic CO2 was used as a tracer gas in this study because it satisfies all 

conditions for tracer gas as specified in section 2.1.2. Starting the measurements at 11:00 

am allowed the buildings enough occupancy time to achieve equilibrium. Vacating the 

measurements at 4:00 pm was to ensure no abrupt decline in concentration due to 

occupants leaving the building premises. All the four buildings were naturally ventilated 

and any air infiltration was as result of passive ventilations systems. Buildings ventilation 

rates were calculated using eqn. 2.6 by getting the product of air change rate and volume 

of the room or building occupied. The volume was calculated from the area measured or 

deduced from the design plans and the height of each floor and summed up together.     

Temperature and humidity as other indoor environment parameters were measured 

simultaneously with CO2 in each building. Temperature was recorded in degrees Celsius 

(℃) and humidity in percentage (%). The humidity and temperature were compared with 

ASHREA Standard to establish level of compliance of the buildings (Laue, 2018; 

McNulty et al., 2019). The three indoor air quality parameters measured were correlated 

to establish how each parameter affected concentration levels of the others.  

3.2.3 Sustainability Testing 

Sustainability testing for the green buildings was done for two categories; renewable 

energy and energy efficiency category and indoor health environment category as 

specified in the GreenMark Standard (Otieno, 2018). The testing involved use of the 

checklists for each category attached in Appendix 28 for renewable energy and energy 

efficiency and 29 for indoor health environment. Each building was assessed based on the 

characteristics specified in the checklists and weighting awarded depending on the level 

of compliance to the specified characteristics. The results are compared to establish how 
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the green buildings perform based on the standard and if they would qualify as green 

buildings. The two categories carry a maximum of 20 points (marks) on the rating scale 

for GreenMark.     

3.3 Sampling Method 

This study utilized convenient sampling due to challenges of finding green buildings, 

Professional Bodies like Green Africa Foundation were critical in identifying green 

buildings in the country due to the few number of green buildings in the country. For 

comparability purposes, the researcher identified green buildings within learning 

institutions. To determine energy consumption, the researcher used one year’s electricity 

consumption. Power bills provided by Kenya Power were used to calculate BEI. The BEI 

were compared with the benchmark and baseline values set by EPRA to establish the 

energy efficiency of each building. CO2, temperature and humidity levels were measured 

for a period of 4 months between November 2018 and February 2019.  Cumulative scores 

for all characteristics in each category for sustainability testing was used to establish 

building performance. The checklist used to award the scores was an excerpt from the 

GreenMark standard. Since the buildings were constructed before the GreenMark standard 

was established, the checklist was used to validate how the buildings would perform if 

subjected to the standard rating criteria.  

3.4 Sample Size Determination  

The study utilized two green buildings (GB1 and GB2) and two non-green buildings 

(NGB1 and NGB2); in each institution, one green and one non-green building were 

selected. Due to limited number of green buildings in the country and challenges to secure 

permission for more buildings, only four buildings were considered for this study. The 

non-green buildings (NGB1 and NGB2) were conventional buildings within the same 

institutions as the two green buildings. Using of population as the sample size is justified 



39 

 

when the population is small and defined to reduce possibility of bias occurring when 

subjected to sampling techniques.   

3.5 Research Instruments  

Energy bills provided by Kenya Power to the institutions were used to determine energy 

consumption patterns of the buildings. Hard and digital copies were considered for the 

year 2018 from January to December. CO2, temperature and relative humidity levels 

inside and outside the buildings were measured using a HT-2000 CO2 meters (Fig. 3.2), 

(Digital Liquid Crystal Display (LCD) CO2 meter), utilizing Nondispersive Infrared 

(NDIR) sensor which uses waveguide technology and has an automatic background 

calibration. The sensor records CO2 concentration within a range of 0-9999 ppm 

manufactured by Dongguan Xintai Instrument Co. Ltd.  The LCD measures CO2 in ppm 

(parts per million), temperature (℃) and humidity (percentage). Energy consumption 

patterns were determined using electricity bills provided by the Kenya Power (KP). Power 

bills provide cheaper and easier way to establish energy consumption in buildings. Tape 

measure used in the buildings to measure the length, height and width of the buildings. 

Lastly, GreenMark rating tool checklists were used to rate the sustainability of selected 

green buildings. GreenMark standard checklist characteristics for the two categories 

considered in this study are as shown in Appendix 28, 29 and 30   
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Figure 0.2: HT-2000 CO2 Meter 

3.6 Data Processing and Analysis 

Data processing and analysis was done using R studio and excel software. Energy intensity 

graphs drawn to analyze energy consumption patterns in the buildings. BEI intensities 

were calculated using eqn. 2.1 and compared with benchmark and baseline values 

established by EPRA to determine the buildings’ energy efficiencies (Mbogori et al., 

2013). Statistical analysis using excel was used to determine statistical significance 

difference between green building’s energy consumption and non-green buildings. Excel 

software was used to draw graphs to find the airflow rates and correlation between CO2 

and temperature and humidity. From the excel graphs, the air change rate was taken as the 

gradient of the best line of fit as specified in eqn. 2.6. Mean CO2, temperature and 

humidity values for the period under study were compounded to determine mean 

concentration, temperature and humidity levels. The mean values were also used in 

determining the air change rates and ventilation rates in the buildings. Pearson correlation 

between temperature, relative humidity and CO2 concentrations were done to inform on 

how the indoor parameters interacted and affected indoor air quality. ANOVA was 

performed on the air change rates to determine significance variation between green and 

non-green buildings. Summation for checklist scores for each buildings were used to 

establish green buildings’ performance in comparison to the GreenMark standard.  
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CHAPTER FOUR 

RESULTS AND DISCUSSION  

4.1 Energy consumption and Efficiency 

4.1.1 Energy Consumption Patterns   

The study used monthly energy consumption for the year 2018. GB1 lacked independent 

metering system to measure hence; energy consumption tracing was not possible. 

Additionally, GB1 powered by solar PV during the day and any power supplied during 

the night by Kenya Power compensated using the PPP packed signed by the Strathmore 

University and Kenya Power. GB2 had annual energy consumption of 399,016 kWh, with 

a range of 33,251.3 ± 3,462.3 kWh monthly. NGB1 had an annual energy consumption of 

151,690 kWh, with a range of 11,778.7 ± 636.8 kWh. NGB2, on the other hand, had an 

annual energy consumption of 97,914.6 kWh with a range of 8,159.6 ± 120.6 kWh 

monthly as shown in Table 4.1 while monthly energy intensities are as shown in Fig. 4.1.  

Energy intensities calculated using eqn.2.1. GB2 had mean monthly BEI of 2.6 ± 0.3 

kWh/m2 and annual BEI of 31.4 ± 0.3 kWh/m2, NGB1 had mean monthly BEI of 4.4 ± 

0.2 kWh/m2 and annual BEI of 52.3 ± 0.2 kWh/m2 and NGB2 had mean monthly BEI of 

4.4 ± 0.1kWh/m2 and annual BEI of 52.5 ± 0.1 kWh/m2. Analysis of variance (ANOVA) 

at 95% confidence interval indicate significant statistical difference in energy 

consumption between GB2, NGB1 and NGB2 (p-value =1.18×10-12, df=33) while 

analysis of energy consumption between NGB1 and NGB2 are not significantly different 

(p-value= 0.7, df=22).  
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Table 0.1: Building energy consumption patterns (N=12) 

Building  Energy 

Range (kWh) 

Annual 

energy 

consumption 

(kWh) 

Monthly 

Consumption 

(kWh) 

Area 

(m2) 

Annual 

BEI 

(kWh/m2) 

Monthly 

BEI 

kWh/m2 

GB2 29081-39001 399016 33251.3 ±3462.3 12640.8 31.4 ±0.3 2.6 ±0.3 

NGB1 10784-12751 151690 11778.7 ±636.8 2701.1 52.3 ±0.2 4.4 ±0.2 

NGB2 7944.8-8351.5 97914.6 8159.6 ±120.6 1865.5 52.5 ±0.1 4.4 ±0.1 
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Figure 0.1: Graphical presentation of BEI for the year 2018 

Fig. 4.1 shows that GB2 energy consumption is lower than that of NGB1 and NGB2 

during the period of study. NGB1 and NGB2 energy consumption patterns varied during 

the period with alternating high and low for each building in different months. 

Additionally, consumption between NGB1 and NGB2 are close to each other and almost 

double consumption at GB2.    

4.1.2 Building Energy Efficiency Intensities   

Building energy efficiency is the energy consumption per unit area of a building compared 

to established consumption benchmarks. Kenya through the ministry of Energy and 

Petroleum developed Energy Management Regulation of 2012 to stipulated energy 

consumption benchmark for industrial, commercial and institutional buildings. Buildings 

can either be low, medium or high-energy consumers depending on their annual energy 

consumption. Total energy consumed in a building divided by the total floor area of the 

building gives the Building Energy Index (BEI) of the building. Low BEI indicates that a 
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building is more energy efficient than those that have high BEI. Benchmarked and 

Baseline values for different kind of buildings are shown in Table 3.1. Annual BEI for the 

buildings are as shown in Table 4.2. Relating the annual BEI with the Benchmarked value 

divided into four quartiles ranks the energy intensities of the buildings into 1st and 2nd 

quartiles as shown in Table 4.2. 1st quartile represents the most efficient buildings while 

the 4th quartile represent the least efficient building (Mbogori et al., 2013). 

  Table 0.2: Quartile classification of BEI in the buildings 

 1st 

quartile 

2nd 

quartile  

3rd 

quartile  

4th quartile  

Benchmark value kWh/m2 0-43  44-86 87-129 130-172 

GB2 31.4 ± 0.3    

NGB1  52.3 ± 0.2    

NGB2  52.5 ± 0.1   

Table 4.2 presents annual energy intensities for buildings GB2, NGB1 and NGB2 

compared to the benchmark and baseline values by the EPRA (Mbogori et al., 2013). At 

1st quartile, GB2 is more energy efficient than 75% of similar buildings while at 2nd 

quartile NGB1 and NGB2 are more energy efficient than 50% of similar buildings. Green 

building rating tools require buildings to use between 25-30% less than normal buildings 

and GB1 and GB2 use at least 40% less energy compared to buildings NGB1 and NGB2. 

Such low energy consumption in green buildings supports research by Nguyen and Aiello 

(2013), who established that green buildings should utilize less energy compared to 

conventional buildings.  

Efficient energy consumption for GB1 and GB2 can be attributed to the green features 

such as day lighting and use of energy efficient light emitting diodes (LEDs) for lighting, 

which according to Howe (2010) should utilize energy efficiently. Research shows that 

most of energy in buildings is utilized in heating, cooling and lighting (Akadiri et al., 

2012; Nguyen and Aiello, 2013), GB2 relies on passive heating and cooling of the building 
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and natural lighting during the day, saving lots of energy that would have been used to 

power lighting, heating and cooling systems. Additionally, use of LEDs for lighting 

reduces energy consumption of the building. The major difference in terms of energy use 

in GB2 as opposed to NGB1 and NGB2 is use of day lighting at GB2 and artificial lighting 

in NGB1 and NGB2 during the day, in addition to some offices in NGB1 and NGB2 

having air conditioning systems. According to Lowry (2016), use of day lighting can result 

to between 25% to 34% energy consumption savings while automating lighting systems 

in commercial buildings can yield about 40% of energy saving. In developed countries, 

lighting consumes between 11-17% of total energy consumed by commercial buildings 

(Allouhi et al., 2015). One of the major attribute of the green buildings sustainability is 

the energy efficiency, and GB1 and GB2 low energy consumption index indicate 

sustainability of the building, utilizing 40% less energy than buildings in similar category. 

NGB1 and NGB2 energy consumptions lie in the 2nd quartile of the Benchmarked and 

Baseline values. At the 2nd quartile, the buildings perform better than 50% of its type and 

is slightly above average in energy use.  The buildings at this range perform better than 

those at the 3rd and 4th quartiles, however, it performs lower than those at 1st quartile. 

Building retrofitting, use of energy saving lighting and management of energy can reduce 

the annual energy consumption. The building indicates that there exist opportunities for 

more energy saving activities such as day lighting and use of energy efficient lighting 

systems that are cheap (Ruparathna et al., 2016). 

In temperate climates, green buildings are airtight to reduce energy losses from HVAC 

systems (Steinmann et al., 2017). However, in tropical regions like Nairobi Kenya, green 

buildings should tap natural resources like day lighting and favorable temperature 

conditions in the region to reduce energy used for lighting, heating and cooling (Rotimi 

and Kiptala, 2014), as this research shows green buildings are utilizing less energy for 

being less air tight. It is therefore paramount for engineers and architects to factor regional 

difference while designing green buildings.    
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4.2 Indoor Air Quality of Buildings  

4.2.1 Adequacy of Ventilation  

Comfortable thermal and indoor environment in buildings only achieved when buildings 

receive fresh air throughout. In this study, CO2 was used as the tracer gas as per eqn. 2.5 

and CO2 concentration difference between the indoor and outdoor as a function of time 

used to calculate the air change rates in the buildings, providing the airflow rates necessary 

to establish ventilation rates of the buildings.  

4.2.1.1 Air change rates for the building facades  

Air ventilation characteristics of the buildings are as shown in Table 0.3. 
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Table 0.3: Air change rates and airflow rates 

Building  Range  Mean Std.dev air change 

rate (h-1) 

Volume 

(m3) 

Airflow 

rate (m3/h) 

GB1 0.021-0.04 0.031 ±0.011 0.031 19768 612.808 

GB2 0.05-0.07 0.058 ±0.01 0.058 35424 2054.592 

NGB1 0.003-0.009 0.006 ±0.003 0.006 11079.6 66.4776 

NGB2 0.006-0.009 0.008 ±0.002 0.008 5223.6 41.7888 

The air change rates were obtained using eqn 2.6 and described using graphs as shown in 

Appendix 15 to Appendix 27 and the mean air change rates tabulated as shown in Table 

4.3. GB1 had air-change rate range of 0.21 h-1 to 0.04 h-1 with a mean of 0.031 ±0.011 h-

1. GB2 air change rate ranged from 0.05 h-1 to 0.07 h-1 with a mean of 0.058 ±0.01 h-1. 

NGB1 had air-change rate range of 0.003 h-1 to 0.009 h-1 with a mean of 0.006 ±0.003 h-

1 while NGB2 had air-change rate range of 0.006 h-1 to 0.009 h-1 with a mean of 0.008 

±0.002 h-1. According to Beko et al., (2016), low airflow rates indicate more airtight 

envelops than when buildings have higher air change rates. Buildings with low air change 

rates or low infiltration are susceptible to pollutant accumulation and contaminants 

exposure to the occupants (Beko et al., 2016). Therefore, occupants at NGB1 and NGB2 

were more likely exposed to contaminants, pollutants and infections because the buildings  

have lower air change rates than GB1 and GB2. GB1 and GB2 had better airflow rates 

than NGB1 and NGB2. Although, low infiltration in NGB1 and NGB2 can reduce inflow 

of pollutants from outdoor, they pose the risk of increasing concentration of indoor 

pollutant emissions concentrations (Steinemann et al., 2017).   

Air change rates in GB1 and GB2 were significantly different at 95% confidence interval 

(p-value = 0.01) as both have different ventilation systems adopted during construction 

and design phases. According to Aflaki et al., (2015), cross ventilation is more effective 
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than stack ventilation, while a combination of both stack and cross ventilation systems 

enhances fresh airflow. Enhanced airflow rates at GB2 are attributable to enhanced cross 

ventilation due to presence of ventilation cowls on the roof of the building and ventilation 

louvers on the walls of the building absent at GB1. GB1 facade relies only on stack 

ventilation, which is less reliable than GB2 reliance on both cross ventilation and stack 

ventilation (Chel and Kaushik, 2018). Air change rate at GB1 was significantly different 

from NGB1 (p-value = 0.02) as airflow rates are influenced by temperature difference 

between indoor and outdoor. GB2 and NGB2 air change rates was also significantly 

different (p-value = 0.002). However, there was no significant difference in air change 

rates between NGB1 and NGB2 (p-value = 0.7).    

4.2.1.2 Air change rate for office blocks  

Air change rates for office blocks within the buildings presented in Table 4.4 as derived 

from graphs in Appendix 1 to Appendix 14 calculated using eqn. 2.5. GB1 office block 

measured a length of 10.7m, width 8.1m and height of 2.8m, and volume of 242.7m3. GB2 

office block measured length of 6.6m, width 5.8m and height 2.8 m and volume of 

107.2m3. NGB1 office block had a length of 5.5m, width 2.1m and height 2.8m and 

volume of 32.3m3.  

Eqn 2.6 used for this study assumes absolute volume of the buildings without considering 

the equipment and objects. Comparing the airflow rate of the buildings and offices shows 

that the buildings performed below the expected airflow rate of between 18m3/hr/person 

stated by the BSI and ASHREA standards (Laue, 2018; McNulty et al., 2019).  
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Table 0.4: Air change rate for office blocks in the buildings 

Building  Range (h-

1) 

Mean Std.dev Air 

change 

rate(h-1) 

Volume 

(m3) 

Airflow 

rate 

(m3/hr) 

Occupants Airflow 

rate/person 

(m3/hr/person) 

GB1 0.013-0.48 0.353 ±0.2 0.353 242.7 85.7 9 9.5 

GB2 0.011-0.139 0.058 ±0.06 0.058 107.2 6.2 4 1.6 

NGB1 0.004-0.056 0.02 ±0.02 0.02 32.3 0.7 2 0.35 

GB1 office block had air-change rate range of 0.013 h-1 to 0.48 h-1, with a mean of 0.353 

±0.2 h-1.  GB2 office block had air-change rate range of 0.011 h-1 to 0.139h-1 and a mean 

of 0.058 ±0.06 h-1. NGB1 had air-change rate range of 0.004 h-1 to 0.056 h-1 and a mean 

of 0.02 ±0.02 h-1. All the office blocks had lower ventilation rate per person than the 

recommended a minimum of 18 m3/hr/person and a maximum of 27 m3/hr/person 

(McNulty et al., 2019). GB1 office block had highest ventilation rate per person of 9.5 

m3/hr/person, followed by GB2 office block with 1.6 m3/hr/person and 0.35 m3/hr/person 

for NGB1.  

There was significant difference in air change rates between GB1 office block and GB2 

office block (p-value = 0.008), between GBI and NGB1 office blocks (p-value = 0.01). 

The office blocks for GB1 and NGB1 in Table 4.4 were closer to windows and compared 

to air change rate for GB1 and NGB1 shown in Table 4.4, are higher. The findings of this 

study supports Beko et al., (2016) that window opening influence internal airflows in a 

room. GB2 office block had same air change rate as the building façade as shown in Table 

4.3 and Table 4.4. GB2 walls had ventilation louvers, which excludes windows as the only 

openings through which air infiltration takes place. Although, GB1 had better air change 

rates, occupants complained of experiencing extreme weather conditions or ventilation 

draught, and air tightness could be linked to thermal energy leakages (Howe, 2010), hence 

workers in GB1 confided to experiencing thermal discomfort depending on the external 

conditions which could be related to higher airflow rates recorded in the office.  
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4.2.2 Effects of air change rates on CO2, temperature and relative humidity 

4.2.2.1 CO2, Temperature and Relative Humidity Variation  

Table 4.5 contains results for indoor environmental variables. The CO2 concentration for 

GB1 were in range of 527.7 ppm to 541.3 ppm with mean of 534.2 ± 3 ppm. GB2 CO2 

levels were in the range of 586 ppm to 620 ppm with a mean of 607 ± 7.9 ppm. NGB1 

had CO2 concentration range of 680.8 ppm to 696.1 ppm and mean of 689.2 ± 3.1. NGB2 

had CO2 concentration range of 689.4 ppm to 701.4 ppm with a mean of 695 ± 3.1 ppm. 

In all the buildings, CO2 concentration was below the maximum 1000 ppm for quality 

indoor air. GB1 had temperatures range of 23.6 0C to 25.1 0C and mean of 24.4 ± 0.5 0C, 

GB2 had temperatures range of 22.1 0C to 23.6 0C and mean of 22.9 ± 0.4 0C. NGB1 had 

temperature range of 21.1 0C to 24.2 0C and mean of 22.9 ± 1 0C while NGB2 had 

temperature range of 22.7 0C to 22.2 0C and mean of 25.4 0C. GB1 had a relative humidity 

range of 54.4% to 56.4 % and mean of 55.2 ± 0.6 %, GB2 had relative humidity range of 

50.4% to 54.7% and a mean of 51.8 ± 1.1%. NGB1 had relative humidity range of 57.8% 

to 58.8% and a mean of 58.3 ± 0.3% while NGB2 had relative humidity range of 59.7% 

to 60.8% and mean of 60.3 ± 0.3%.  

CO2 variation across the buildings as shown in Fig. 4.2, GB1 and GB2 have lower 

concentrations than NGB1 and NGB2. Lower ventilation rates in NGB1 and NGB2 could 

be associated with higher accumulation of CO2 in the non-green buildings. Green 

buildings have higher airflow rate, hence remove CO2 and other contaminants inside the 

buildings faster.  

Table 0.5: Buildings’ Indoor characteristics (N=32) 

Characteristics Range Mean Std. dev 

CO2 Concentration (ppm)       

GB1 527.7 - 541.3 534.2 ± 3 

GB2 586 - 620 607.6 ± 7.9 

NGB1 680.8 - 696.1 689.2 ± 3.1 
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NGB2 689.4 - 701.4 695 ± 3.1 

Temperature (0C)       

GB1 23.6 - 25.1 24.4 ± 0.5 

GB2 22.2 - 23.6 22.9 ± 0.4 

NGB1 21.1 - 24.2 22.9 ± 1 

NGB2 22.7 - 27.2 25.4 ± 1.4 

Relative Humidity (%)       

GB1 54.4 - 56.4 55.2 ± 0.6 

GB2 50.4 - 54.7 51.8 ± 1.1 

NGB1 57.8 - 58.8 58.3 ± 0.3 

NGB2 59.7 - 60.8 60.3 ± 0.3 
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Figure 0.2: Graphical presentation of CO2 variation in parts per million   

 

Figure 0.3: Temperature in degree Celsius variation in the buildings  
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Figure 0.4: Percentage Relative humidity variation  

Temperature levels in green and non-green buildings vary, however, comparing GB1 and 

NGB1, the temperatures are higher in GB1 than NGB1, which could be attributed to 

presence of water falls in GB1 resulting to higher sensible heat, than in NGB1 which has 

no waterfalls. High moisture content results in increased ambient temperatures (Seputra, 

2018). In addition, GB1 temperatures dropped towards the end of day, an indication that 

the building materials has poor heat conservation properties. Use of glass curtain wall at 

GB1 contribute to quick heat gain and loss depending on the external conditions (Liu and 

Cui, 2015). GB2 and NGB2 temperature changes show gradual increase, although, 

temperatures were lower in GB2, attributable to higher ventilation rates. NGB2 

temperature increased beyond the recommended maximum of 27℃ for thermal comfort 

(Seputra, 2018). Relative humidity, an attribute of thermal comfort varies different with 

GB2 recording the lowest relative humidity as shown in Fig. 4.4 and NGB2 had the highest 

level of humidity. Both NGB1 and NGB2 had relative humidity near or above the 
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maximum thermal comfort level of 60% (Seputra, 2018). Higher ventilation rates in GB1 

and GB2 could be associated with accelerated removal of humidity inside the buildings.   

4.2.2.2 Statistical analysis of CO2, Temperature and Relative Humidity in the 

buildings    

Statistical analysis of variation (ANOVA) for CO2, temperature and relative humidity 

within the buildings as shown in Table 4.6. Comparing buildings in the same institution, 

there was significant difference in CO2 concentration, temperature and humidity levels 

(significant for p-value < 0.05) as shown in Table 4.6. GB1 had significantly lower CO2 

concentration and relative humidity than NGB1 (p-value = 2.02×10-86 and p-value = 1.06 

× 10-34 respectively), though GBI had significantly higher temperatures than NGB1 (p-

value = 2.62×10-09). Such differences are attributable to ventilation rates of the two 

buildings as discussed earlier. GB2 had significantly lower CO2, temperature, and relative 

humidity than NGB2 (p-value= 3.34×10-54, p-value = 7.45×10-14 and p-value= 1.79×10-45 

respectively). GB2 has enhanced ventilation rates due to removal of CO2, temperature and 

relative humidity faster than NGB2.  

Table 0.6: Institutional variation in indoor air conditions  

Parameter Values  p-value Value   p-value  

 GB1 NGB1  GB2 NGB2  

CO2 (ppm) 534.2 689.2 2.02E-86 607.6 695 3.34E-54 

Temp. (0C) 24.4 22.9 2.62E-09 22.9 25.4 7.45E-14 

RH (%) 55.2 58.3 1.06E-34 51.8 60.3 1.79E-45 

Performing t-test gives the Pearson Correlation (r) of how different indoor environment 

parameters interact within each building. Temperature significantly and negatively 
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correlated with relative humidity, across all the buildings (r = -0.94 at GB1, r = -0.01 for 

NGB1, r = -0.48 for NGB2) except at GB2 (r= 0.89), as result of effective ventilation at 

GB2. Generally, at constant vapor content, increase in temperature results in decrease in 

relative humidity as shown by this study and findings by Feng et al., (2018).  Mean daily 

CO2 levels correlates positively and significantly with relative humidity across all 

buildings (r = 0.27 for GB1, r = 0.39 for NGB1 and r = 0.04 for NGB2) except for GB2 

which negatively and significantly correlate with relative humidity (r = -0.83). The finding 

of this study agree with the findings by Nnadili that increasing relative humidity results in 

increased concentration of CO2 and other VOCs (Nnadili, 2011). In addition, other 

researchers have found that increase in temperature and humidity results to off-gassing 

from equipment, electronics, furniture, books and paints in the buildings (Laverge et al., 

2015; Haung et al., 2016; Lazovic et al., 2016; Steinemann et al., 2017). These authors 

found that when relative humidity in the indoor increased, such translated to increasing 

CO2 concentrations, similar to the findings of this study. According to Lazovic et al., 

(2016), off gassing could be addressed by improving ventilation rates of the buildings and 

such findings are supported by the negative and significant difference exhibited by GB2 

to both relative humidity and temperatures. The authors further noted that improving 

ventilation rates reduces the impact of exposure to CO2 and other VOCs. All buildings 

show negative and significant correlation between CO2 and temperature, (r = -0.36 for 

GB1, r = -0.51 for NGB1 and r = -0.72 for GB2). The results of this study suggest that 

lower temperatures trigger increase in metabolic CO2 production, which supports findings 

by Blondin et al., (2017), that cold induces oxidative metabolism, resulting to exhalation 

of CO2 by human beings. Significant correlation between CO2 concentrations and other 

indoor air quality parameters (relative humidity and temperature) poses challenges on 

indoor air quality because, though CO2 in low amounts might not affect people, it signifies 

possibility of increasing exposure to contaminants and pollutants (Cetin, 2016; Yalcin et 

al., 2016).   
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4.3 Sustainability Testing 

Weighting awarded for every characteristic based on the GreenMark Standard and 

evidence obtained from the buildings in consideration. Sustainability testing was done for 

only the green buildings selected for this study and only two categories are considered for 

this study (Renewable energy and energy efficiency EE and Indoor health environment 

HE), as they directly relate with the objectives of the study.  
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Table 0.7: EE GreenMark Score Weighting for GB1 

Code Characteristic Evidence Weighting Comments 

EE1 Optimize Energy 
Performance 

Entirely relying on renewable energy 
qualifies the building a NZEB 

2/2 marks 

 

Good  

EE2 Commissioning and 
recommissioning of 
building Energy 
Systems 

Natural ventilation effective. 

Natural lighting controls 

Water heating system effective 

Renewable energy systems effective 
(Solar energy installed) 

2/2 marks  

 

Good 

EE3 Energy Efficient 
Equipment, 
appliances, fittings 

Use energy saving lighting systems. 

Approved energy saving lifts by ERC 

Use of Laptops rather than Desktops in 
offices.  

Automated entrance 

Use of electronic ballasts for lighting 
ranging between 14-28 watts.  

Use of light-emitting diodes (LED) for 
lighting 

6/6 marks 

 

Good 

EE4 Light Zoning The building has well positioned lighting 
systems. 

Has auto-sensor lighting  

2/2 marks  

 

Good 

EE5 Renewable Energy Use of solar power in the buildings to 
supplement utility power, producing 
600kwh.  

5/5 marks Good 

EE6 Energy Monitoring Other than the net-metering intended for 
establishing the amount of renewable 
energy produced, no other energy control 
used.  

0.5/ 3 mark poor 

Total  17.5/20 Good  

GB1 energy performance based on the GreenMark Standard as shown in Table 4.7. It 

could be attributed to the LEED standard emphasize on energy savings and performance 

that was used to rate and design the building (Bahaudin et al., 2014). Looking at the 

GreenMark Standard and the LEED Standard, they almost look alike on the categories 

and scoring system adopted. Based on the standard, GB1 lacks energy monitoring systems 

that can inform on energy consumption patterns and energy saving opportunities. On 
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energy sustainability, GB1 has little improvement required to meet the GreenMark 

Standard criteria.  

Table 0.8: EE GreenMark Score Weighting for GB2 

Code Characteristic Evidence Weighting Comments  

EE1 Optimize Energy 
Performance 

Energy consumption calculated from this 
study indicate that the buildings consumes 
more than 40% from similar buildings as 
established ERPA 2013 Energy 
Performance Baseline and Benchmarks for 
Learning Institutions  

2/2 Marks  Good 

EE2 Commissioning and 
recommissioning of 
building Energy 
Systems 

Natural ventilation effective. 

Natural lighting controls 

No Water heating system 

Renewable energy systems (Uses wind to 
run ventilation cowls) 

1/2 marks 

 

Fair  

EE3 Energy Efficient 
Equipment, 
appliances, fittings 

Use energy saving lighting systems. 

Approved energy saving lifts by EPRC 

Combined Use of Desktops and laptops in 
the offices 

Automated entrance  

4/6 marks. 

 

Fair  

EE4 Light Zoning Building has well positioned switches for 
individual and collective on and off 
switching of the building lights 

Lacks auto-sensor lighting 

1/2 mark Fair  

EE5 Renewable Energy No direct renewable energy installed in the 
building. However, use of wind energy to 
drive ventilation cowls minimize energy 
use. Entirely relies on national utility 
power.  

1/5 mark Poor  

EE6 Energy Monitoring Lacks any energy monitoring systems other 
than whole building metering system  

1/3 marks Poor  

Total Score  10/20 Fair  

For GB2, renewable energy and energy efficiency category of the GreenMark standard as 

shown in Table 4.8. Although the building consumes energy efficiently as shown Fig. 4.1, 

based on GreenMark Standard, the building performance is poor because it lacks 

renewable energy source in place as stated in Code EE5. GB2 lacks auto-sensing lighting 
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systems for the artificial lighting an important aspect of green buildings energy 

performance. Furthermore, the building lacks energy monitoring systems that can inform 

building occupants of the energy use patterns and energy conservation measures. 

Therefore, further investment on renewable energy and energy conservation measures 

should be implemented to meet the GreenMark Standards. Statistical analysis of variance 

between GB1 and GB2 energy consumption shows that there was no significant difference 

in energy performance for GB1 and GB2 (p-value =0.24).  

Table 0.9: HE GreenMark Score Weighting for GB1 

Code   Characteristic  Evidence  Weighting Comments  

HE1 Natural Ventilation, 

heating and Cooling, 

air change 

effectiveness 

Shows moderate ventilation due to low airflow rates in the 

interior of the building and high airflow rates causing draught 

in the office.  

South-North orientation to avoid direct solar heating.  

3/6marks.  Good 

 

HE2 User-friendly 

ventilating, heating 

and cooling systems 

Environmentally adapted natural ventilation, hence user 

friendly. Also uses evaporative coolers, in addition to 

waterfalls to cool the building. Mass walls for heat retention to 

warm the building. 

Windows fitted into the wall for shading, overhanging roof for 

solar heating and radiation. Slab roofing coated to reflect solar 

radiation reducing heat gain.    

1/1 mark Good  

HE4 Natural lighting Glass wall curtain and windows for illumination. Reflective 

roofing allows for adequate natural lighting through the 

atrium. Indoor light-coloured painting also enhances lighting 

by reflecting the sunlight through the building.   

3 /3marks.  Good  

HE5 User-friendly Lighting 

Systems 

Automated lighting Systems detect when adequate natural 

lighting is available.  

1/1 mark. Good 

HE6 Glare control and view 

out 

Glass curtain walling allow for effective glare and view out. 

To reduce sun glare, the glazed roof of the atrium has 

aluminium aerofoil louvers to cut of glare and sunshade 

sunlight entering the building.   

1/1 mark. Good 

HE7 Efficient Artificial 

Lighting Fittings 

Fitted with 14-28 watts’ florescent tube lightings with 

electronic ballast for artificial lighting purposes. White colour 

interior to enhance artificial lighting.  

3/3 marks. Good  

HE8 Tobacco Smoke 

Control 

No smoking signs 

No smoking zones near the building. 

Prerequisite   

HE9 Indoor air quality 

testing and monitoring 

No monitoring and testing of indoor air quality done.  0/2 marks. Poor  

HE10 Damp and mould 

prevention 

In addition to using moisture-damping material during 

construction, natural ventilation keeps the humidity levels low 

in the building to prevent any moisture build up.  

1/1 mark  Good  

HE11 Internal Noise Level Cafeteria has hanging fabrics to absorb noise. Other regions 

have decorated art that has fabric meant for noise absorption.  

0.5/1 mark Fair  

Total  13.5/20 Above 
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average  

GB1 health environment performance based on the characteristics stipulated in the 

GreenMark Standard as shown in Table 4.9. Major components of ensuring indoor air 

quality is maintained lack. The ventilation system is not effective as the interior has low 

airflow rates, as shown in Table 4.3 while the offices along the walls experience high 

airflow rates as shown in Table 4.4. Such variation in airflow rates result in ventilation 

draught to office occupants while the interior space is prone to pollutant and contaminant 

accumulation. Green buildings should have air quality monitoring and testing systems, 

which lack entirely in the building.  The building noise control system consisting of 

hanging fabrics and decorated art with fabric is not sufficient to regulate noise level in the 

building.  

GB2 health environment performance as shown in Table 4.10. The building relies entirely 

on natural ventilation to supply fresh air inside the building. It has ventilation cowls 

(cyclones) fitted on the roof to facilitate airflow inside the building. In addition, along the 

walls, the building has ventilation louvers, which increase openings for indoor air to flow 

indoor. The building also relies on natural lighting during the day, though it lacks 

automated artificial lighting systems and light sensing system to switch on and off lights 

when needed. The building has an elaborate Noise control effected especially in the 

conference hall. Acoustic designs such as sound reflectors for speech clarity, use of 

sinusoidal walls to minimize multiple reflections, use of double cavity walls filled with 

mineral wool without cement mortar to reduce sound reflection, padding of internal 

columns with thick foam covered with vinyl for fire resistance. The ceiling has perforated 

plywood, mineral wool and hessian cloth for reducing sound reflection. Although it lacks 

indoor air quality and testing systems, it has mosquito and insect proof to prevent insects 

and dust from entering the building. 
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Statistical analysis of variance between the two buildings indicate that there was no 

significant difference between health indoor environment performance for GB1 and GB2 

(p-value = 0.6) 

Table 0.10: HE GreenMark Score Weighting for GB2 

Code   Characteristic  Evidence  Weighting Comment

s  

HE1 Natural Ventilation, 

heating and Cooling, air 

change effectiveness 

Performs exemplary.  

Shows effective ventilation, uniformity- air change 

effectiveness enhanced by ventilation cowls, stack effect and 

chimneys, perforated openings and proper window to wall 

ratio. South-North orientation to avoid direct solar heating. 

6/6 marks.  Good  

HE2 User-friendly 

ventilating, heating and 

cooling systems 

Environmentally adapted natural ventilation, hence user 

friendly. Use of rock bed responsible for cooling air during 

the day and warming during the night.    

1/1 mark. Good  

HE4 Natural lighting Windows and the atrium positioned to allow maximum 

natural lighting in the building. Indoor painting also enhances 

lighting by reflecting the light allowed in the building.  

Sun shading using concrete over-hangings for all glazed areas 

to prevent direct sunlight.   

3/3 marks Good  

HE5 User-friendly Lighting 

Systems 

Lighting done manually, switched off in the morning and 

afternoon and switched on between 5:00 pm and 10:00 pm 

0.5/1 mark. Fair  

HE6 Glare control and view 

out 

Windows and doors allow for effective glare and outside 

view. To reduce sun glare, the glazed roof of the atrium has 

aluminium aerofoil louvers to cut of glare and sunshade 

sunlight entering the building.    

1/1 mark. Good  

HE7 Efficient Artificial 

Lighting Fittings 

Has low wattage florescent tubes for lighting.  Light-coloured 

interiors to enhance artificial lighting. Use of LED for 

lighting purposes.  

3/3 marks.  Good  

HE8 Tobacco Smoke Control No smoking zones visible in the nearby and No smoking 

warning visible. 

Prerequisite   

HE9 Indoor air quality testing 

and monitoring 

Lacks air quality testing and monitoring systems. Mosquito 

and insect proof wire gauze openings to prevent insects and 

dust from entering the building. 

1/2 marks  Fair  

HE10 Damp and mould 

prevention 

Damp prevention considered during construction. Proper 

natural ventilation preventing any moisture build up in the 

building.  

0.5/1 

marks.  

Fair  

HE11 Internal Noise Level Noise control effected especially in the conference hall. 

Acoustic designs such as sound reflectors for speech clarity, 

use of sinusoidal walls to minimize multiple reflections, use 

of double cavity walls filled with mineral wool without 

cement mortar to reduce sound reflection, padding of internal 

columns with thick foam covered with vinyl for fire 

resistance. The ceiling has perforated plywood, mineral wool 

and hessian cloth for reducing sound reflection.    

1/1 mark. Good  

Total 17/20 Good  
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1 Conclusion  

The study sought to determine energy and indoor air quality performance for green and 

non-green buildings and test green buildings’ sustainability using the GreenMark 

standard. The study shows that GB2 had BEI of 2.6 ± 0.3 kWh/m2 and annual BEI of 31.4 

± 0.3 kWh/m2 for the year 2018 compared to NGB1 mean monthly BEI of 4.4 ± 0.2 

kWh/m2 and annual BEI of 52.3 ± 0.2 kWh/m2 and NGB2 mean monthly BEI of 4.4 ± 

0.1kWh/m2 and annual BEI of 52.5 ± 0.1 kWh/m2. Hence, there was significant difference 

in energy consumed by green buildings and energy consumed by non-green buildings (p-

value =1.18E-12), while there was no significant difference in energy consumption by 

non-green buildings, NGB1 and NGB2, (p-value = 0.7). Based on Energy Performance 

Benchmark and Baseline Values set by ERPA of 2013, GB2 energy performance lies in 

the 1st quartile while NGB1 and NGB2 energy consumption lies in the 2nd quartile. 

Buildings whose energy consumption lies in the 1st quartile are the most energy efficient 

than those in the preceding quartiles, with those in 4th quartile being the least energy 

efficient. Few and expensive opportunity for improving energy efficiency for buildings at 

1st quartile exists, however, energy savings mechanisms such as use of renewable energy, 

energy efficient appliances and equipment, and building retrofitting can achieve sufficient 

energy saving for non-green buildings.  

Indoor air quality is an important aspect of the built sector as people spend 90% of the 

time indoors (Feng et al., 2018). The study shows that green buildings had superior air 

change rates, with GB1 mean air change rate of 0.031 ±0.011 h-1, GB2 had mean air 

change rate of 0.058 ±0.01 h-1 to non-green buildings, as NGB1 had mean air change rate 

of 0.006 ±0.003 h-1 while NGB2 had mean air change rate of 0.008 ±0.002 h-1. Statistical 

analysis of buildings in the same institution shows that there existed statistical significance 
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in air change rate in the buildings; with air change rate at GB1 being significantly different 

from NGB1 (p-value = 0.02) and GB2 and NGB2 air change rates being significantly 

different (p-value = 0.002). Air change rate statistical significance between the GB1 and 

GB2 (p-value = 0.01) indicates effectiveness of ventilation louvers and ventilation cowls 

(cyclones) installed at GB2.   

Indoor air quality parameters varied differently in each building. GB1 had temperature 

mean of 24.4 ± 0.5 0C while GB2 had temperature mean of 22.9 ± 0.4 0C. NGB1 had 

temperature mean of 22.9 ± 1 0C while NGB2 had temperature mean of 25.4 0C. GB1 had 

a relative humidity mean of 55.2 ± 0.6 %, GB2 had relative humidity mean of 51.8 ± 1.1%. 

NGB1 had relative humidity mean of 58.3 ± 0.3% while NGB2 had relative mean of 60.3 

± 0.3%. GB1 had significantly lower CO2 concentration and relative humidity than NGB1 

(p-value = 2.02×10-86 and p-value = 1.06×10-34 respectively), though GBI had 

significantly higher temperatures than NGB1 (p-value = 2.62×10-09). GB2 had 

significantly lower CO2 concentrations, temperature level, and relative humidity than 

NGB2 (p-value = 3.34×10-54, p-value = 7.45×10-14 and p-value = 1.79×10-45 respectively). 

CO2 correlates positively and significantly with relative humidity across all buildings (r = 

0.27 for GB1, r = 0.39 for NGB1 and r= 0.04 for NGB2) except for GB2 which negatively 

and significantly correlate with relative humidity (r=-0.83), which could be attributed off 

gassing from equipment, books and metabolism from occupants.   

Indoor air parameters correlated in each building to establish the interactions. Temperature 

significantly and negatively correlated with relative humidity, across all the buildings (r = 

-0.94 at GB1, r= -0.01 for NGB1, r = -0.48 for NGB2) except at GB2 (r=0.89). All 

buildings show negative and significant correlation between CO2 and temperature, (r=-

0.36 for GB1, r=-0.51 for NGB1 and r=-0.72 for GB2). Lower temperatures trigger 

increase in metabolic CO2 production (Blondin et al., 2017). 

Subjecting the two green buildings to sustainability testing using the GreenMark Standard 

yields different results for the two categories considered. GB1 renewable and energy 
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efficiency (EE) category scores 17.5 out possible 20 points, majorly due to presence of 

renewable energy resource and automation of lighting and other components and wash-

rooms in the building. However, Health Environment (HE) score lower marks of 13.5 out 

possible 20 points generally due to lack of indoor air quality testing and monitoring 

systems and poor noise level control and poor ventilation rates in the building, especially 

due to ventilation draught in the offices. For GB2, EE category performs poorly scoring 

10 points of possible 20 points, especially due to lack of on-site renewable energy source 

and lack of automation of energy systems in the building. HE for GB2 scores 17 points 

out of possible 20 points. However, there was no significant difference in the energy 

performance and indoor health performance between GB1 and GB2 (p-value = 0.24 and 

p-value =  0.6 respectively).      

5.2 Recommendations  

As the study shows, green buildings are better energy users and have better indoor air 

conditions, therefore the government should focus on offering incentives, tax holidays and 

rebates to promote green building technology in the country. Further, government should 

push in policy formulation for construction sector as urban planning systems in existence 

today might impair development of green structures. Recent outbreak of COVID-19 

pandemic should push all stakeholder to consider the importance of sustainable built 

environment.  

Areas of further research include using other methods like door blower test to compare 

the results with those of the tracer gas method in determination of airflow rates in the 

buildings. Tracer gas method might be limited when openings in the buildings are 

manipulated to gain the rate of airflow in the buildings. Further research should also be 

undertaken on building material thermal comfort and which materials fits the local 

environment for green buildings.      
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Current spread of COVID-19 pandemic has increased concerns on built environment 

contribution to public health of the occupants. Engineering control systems such as 

ventilation and air circulation mechanisms have shown great impact on reducing airborne 

infections in buildings in the past. Research shows high infection rates in poorly ventilated 

buildings or buildings with air condition systems that recirculate the conditioned air 

(Morawska et al., 2020). Levels of infections in naturally ventilated buildings are 

significantly lower (Anderson et al., 2020). Results of this study show that indoor air 

quality can improve greatly on adoption of green buildings in the country. The results 

show 86.2% better air change rate in GB2 compared to NGB2. Similarly, 80.6% better air 

change rate in GB1 compared to NGB1. It is then clear that an infectious person would 

likely infect other people in the non-green buildings compared to green buildings.    
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APPENDICES 

  

Appendix I: Air change rate at GB1 

office with window opened 

 

Appendix II: Air change rate at GB1 

office with window opened 

 

Appendix III: Air change rate at GB1 

office with window closed 

 

Appendix IV: Air change rate at GB1 

office during Lunch Break 
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Appendix V: Air change rate at GB2 

office normal operation 

 

Appendix VI: Air change rate at GB2 

office with window opened 
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Appendix VII: Air change rate at 

GB2 office with window closed 

      

  AppendixVIII: Air change rate at 

GB2 office with window opened 
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Appendix IX: Air change rate GB2 

office with window opened 

 

Appendix X Air change rate at GB2 

office with window opened 
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Appendix XI: Air change rate at 

NGB1 office   

 

Appendix XII: Air change rate at 

NGB1 office   
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Appendix XIII: Airflow rate at 

Building C office   

 

Appendix XIV: Air change rate 

NGB1  
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Appendix XV: Air change rate GB1  

 

Appendix XVI: Air Change rate GB1  
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Appendix XVII: Air change rate GB1 

 

Appendix XVIII: Air change rate 

GB1 
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Appendix XIX: Air change rate GB2  

 

Appendix XX: Air change rate for 

GB2  
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Appendix XXI: Air change rate for 

GB2  

 

Appendix XXII: Air change rate for 

GB2  

 

 



88 

 

Appendix XXIII: Air change rate for 

GB2  

 

Appendix XXIV: Air change rate for 

NGB1  

   

Appendix  XXV: Air change rate for 

NGB1 

 

Appendix XXVI: Air change rate for 

NGB2  

 



89 

 

Appendix XXVII: Air change rate for 

NGB2  
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Appendix XXVIII: GreenMark  energy and renewable energy rating checklist  
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Appendix XXIX: GreenMArk Health Indoor Environment rating checklist  
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Appendix XXX: GreenMark Health Indoor Environment Rating Criteria 

 


